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Abstract
Summary This study aims to analyze the impact of participation in vigorous physical activity as it can promote a healthy bone
development. Adolescents who increased their participation in vigorous physical activity showed higher improvements in bone
parameters compared to those who did not, which highlights the relevance of vigorous physical activity engagement.
Introduction Themain purpose of the study was to analyze the effects of different patterns of vigorous physical activity (VPA) on
bone development.
Methods One-week accelerometry registers and dual-energy X-ray absorptiometry scans at the whole body, hip, and lumbar
spine of 140 healthy male adolescents (11–13 years, at baseline) were performed twice with a 1-year interval between measure-
ments. Four patterns of VPA evolution (Blow–low,^ Blow–high,^ Bhigh–low,^ and Bhigh–high^) and three patterns of bone
growth (Boptimal,^ Bmean,^ and Breduced^) were defined according to the median participation in VPA and a cluster analysis of
the longitudinal changes in BMC and BMD in all sites measured, respectively. Bone mineral parameters were adjusted for
skeletal age and body weight prior to statistical comparison among groups.
Results Participants in the Blow–high^ group had greater adjusted BMD increases at both the femoral neck and lumbar spine
when compared to the Blow–low^ group (estimated mean (95% CI) 0.066 (0.047–0.085) vs. 0.034 (0.021–0.047) g/cm2 and
0.074 (0.054–0.093) vs. 0.049 (0.035–0.062) g/cm2 respectively, both p < 0.05). Femoral neck BMD adjusted increase was also
different between the Bhigh–high^ and the Bhigh–low^ groups (0.053 (0.041–0.066) vs. 0.030 (0.011–0.049) g/cm2, p < 0.05).
Additionally, a higher percentage of Boptimal^ growth was found in the Blow–high^ group than in the Blow–low^ and Bhigh–low^
categories (36.3, 12.5 and 13.6% respectively, p < 0.05).
Conclusions Engaging in VPA as well as maintaining high levels of VPA during puberty is associated with greater gains in bone
mass, which can have an impact in future bone health.
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Introduction
Osteoporosis is one of the most prevalent metabolic skeletal
diseases, affecting an estimate of 27.5 million people in the
European Union [1] and 10.2 million older adults in the USA
[2]. The osteoporotic patients suffer a decrease in bone min-
eral density (BMD) that implies a reduced tolerance to stress,
and consequently, even a low-magnitude impact could cause a
bone fracture [3]. These fractures can result in reduced func-
tionality, disability, and even death [4]. The management and
prevention of osteoporosis is one of the main challenges for
healthcare systems in developed countries [5].
Even though approximately 60–80% of bone mass is de-
termined by genes or other unmodifiable factors [6, 7], life-
style choices play a crucial role in bone mass accrual and the
optimization of its influence is vital for bone health [8].
Maximizing the peak BMD attained in early adulthood [9] is
an important strategy aiming osteoporosis prevention, as it is
estimated that an increase of one standard deviation in peak
bone mass could reduce later fracture risk up to 50% [10].
In a systematic review, the National Osteoporosis
Foundation identified and graded the evidence of the effect
of various lifestyle factors on peak bone mass and strength
[11]. Participation in physical activity (PA) and exercise
showed the highest level of evidence for increasing peak bone
mass and density [11]. Additionally, there are several reviews
that indicate that participation in unstructured weight-bearing
PA and sports during childhood and adolescence has strong
and consistent positive effects on bone development [12–14].
It has been observed that mechanical stress stimulates an os-
teogenic response which can be the result of both muscle
contraction and gravitational impact forces [15] both present
in weight-bearing PA. This mechanical stress is required to
have certain characteristics, and in order to maximize its ef-
fects on bone, it should be dynamic, intense, brief, and inter-
mittent and including unusual loading [16], suggesting that
physical activity should be vigorous and varied.
Early puberty represents an optimal window of opportunity
in order to increase bone mass and strength that might not be
present later in life [14]. Moreover, it has been stated that PA
participation undertaken during puberty may have greater
positive effects than pharmacological interventions in adults
with osteoporosis [14]. It is important to highlight that PA
practice during puberty may have long-term positive effects,
since benefits in bone mass and structure obtained during this
stage are retained later in life [17–19].
In a recent review from Poitras et al. [12], 12 cross-
sectional and eight longitudinal studies regarding the influ-
ence of PA on bone health during growth were described
and analyzed. In an evaluation of more than 300 children in
a 10-year longitudinal study, it was observed that vigourous
PA (VPA) correlated with bone mineral content (BMC) at
weight-bearing sites throughout all the evaluations and
therefore, it was concluded that the main focus should be put
in VPA interventions [20]. Regarding the necessary amount of
physical activity to achieve an osteogenic response, it has been
indicated that 3 h per week are enough to elicit an increase in
bone mass [8], whereas 32 min per day of VPA participation
have shown benefits for the femoral neck BMD [21].
Only one of the previously mentioned studies longitudinal
studies took into consideration the PA trajectories [22], under-
stood as the longitudinal evolution of the PA participation. In
this paper, moderate to vigorous PA trajectories were exam-
ined and related with changes in BMC, BMD, and strength at
various sites. It was found that a high participation inmoderate
to vigorous PA during childhood led to bone strength benefits
in late puberty. A more detailed analysis of VPA evolution
could help understanding the relationship between PA activity
and bone growth, since VPA is the activity intensity that is
associated with higher changes in bone parameters [23, 24].
The main objective of this investigation was, thus, to ana-
lyze the effects of different longitudinal PA participation pat-
terns on bone growth in healthy, early pubertal boys. More
specifically, the link between bone development and both
present and previous participation in VPA will be analyzed.
This could help determining if bone response to VPA is de-
pendent on previous activity history.
Methods
Participants and study design
From the initial sample of 264 healthy boys between 11
and 13 years of age at baseline from different schools in
Tartu (Estonia) that took part in this longitudinal study,
140 completed all measurements at both time points and
were included in this study (Fig. A1). Participants were
required to have no restriction from participating in PA by
their physicians. The initial tests included anthropometry
and bone mineral measurements, skeletal maturation eval-
uation, and physical activity registration. These tests were
repeated 1 year after the original measurements. The
study protocol followed the ethical guidelines of the
Declaration of Helisinki (revised in Fortaleza 2013) and
was approved by the Human Ethical Committee of the
University of Tartu, Estonia (179/T-4). Signed informed
consent was retrieved from all the participants and their
parents prior to the beginning of the tests. They were also
given a full written description of the study characteristics
before signing the informed consent.
Anthropometry and bone mineral assessment
Participants entered the anthropometric and bone mineral
evaluation wearing light clothing and no shoes. Height was
Osteoporos Int
measured to the nearest 0.1 cm and body mass to the nearest
0.05 kg using Martin’s metal anthropometer and a medical
scale (A&D Instruments Ltd.; Abingdon; UK) respectively.
Dual-energy X-ray absorptiometry (DPX-IQ densitometer,
Lunar Corporation, Madison, WI, USA) was used to assess
BMC (g) and BMD (g/cm2) at the whole body (WB), lumbar
spine (L2 to L4, LS), and femoral neck (FN). The measure-
ments were performed in the medium scan mode, with stan-
dard positioning. All scans and result evaluations at both base-
line and follow-up were carried out by the same examiner,
using the extended analysis option from the proprietary soft-
ware (enCORE, version 3.6). Coefficients of variation for
bone mineral measurements were below 2%. Bone mineral
apparent density (BMAD) was calculated following the for-
mulas provided by Katzman et al. [25] and Carter el al. [26].
In order to assess the maturation status, participants had
their skeletal age assessed by X-ray scans at the left hand
and wrist, according to the method set by Greulich and Pyle
[27, 28].
Physical activity evaluation
PA participation was assessed by means of a uniaxial ac-
celerometer (GT1M Actigraph, Monrovia, CA, USA) that
the participants wore on their right hip during 1 week.
After aggregating data into 15-s epoch periods, all inter-
vals of zero counts lasting 20 min or more were removed
from the analysis. All registers with less than 3 days with-
out at least 10 h of valid data were excluded from poste-
rior analyses. The intensity of the physical activity was
established according to the Evenson cutpoints (sedentary
activity ≤ 100 cpm, light activity > 100 cpm, moderate
activity ≥ 2296 cpm, vigorous activity ≥ 4012 cpm) [29,
30]. In order to analyze the distribution of VPA, the pres-
ence of VPA bouts was evaluated for each participant. To
analyze the distribution of VPA over time, the consecutive
periods (bouts) of VPA were analyzed. In order to be
included in the analysis, the minimum duration of a bout
was set at five consecutive minutes of VPA [31]. In order
to assess the evolution of the PA participation over time,
both the mean time and the difference of time spent in
each activity intensity between both years was calculated.
Participants were divided according to their participation in
VPA at baseline. Since the analysis of VPA distribution did
not expose a clear cut-off point, the median value of the 140
participants (15.5 min per day) was used in order to obtain two
groups with the same sample size. Then, the participation in
VPA during the follow-up measurement (median 17.75 min
per day) was used to further divide the original groups, thus
obtaining four categories (Blow–low,^ Blow–high,^ Bhigh–
low,^ and Bhigh–high^) by taking into account the involve-
ment in VPA at both time points.
Statistical analysis
Cluster analyses were used to generate bone growth profiles
based on the variation of BMC and BMD (adjusted for change
in body mass and bone age). Hierarchical and nonhierarchical
clusteringmethods were combined in a two-step analysis [32].
A hierarchical cluster analysis, using Ward’s method based on
squared Euclidian distances, was used as a preliminary step to
identify the cluster solutions. These extracted cluster centers
served as nonrandom starting points in an iterative, nonhier-
archical k-means clustering procedure that formed the defini-
tive clusters.
Normality assumption was confirmed with Kolmogorov-
Smirnov tests and the outlier presence was explored for all
variables. Partial Pearson’s correlation coefficients among
change in bone mineral parameters and PA variables were
calculated after adjustment by change in body mass and skel-
etal age. Analysis of covariance was used for the intergroup
comparisons (VPA evolution and bone growth clusters), as
well as repeated measures ANCOVA to test the group by time
interaction. Changes in body weight and skeletal age were
used as covariates for this analysis. Cross tabulation of the
VPA and bone growth groups was performed and the chi-
square statistic was calculated to assess the homogeneity of
the group distributions. All statistical analyses were carried
out with SPSS v22.0 for Windows (Chicago, IL, USA).
Statistical significance was set at p < 0.05.
Results
Results are shown only for those subjects who attended both
bone mineral evaluations and provided enough valid data at
both the baseline and the follow-up measurements (Fig. A1),
which comprised a total of 140 participants. A full description
of the sample characteristics at baseline can be found in
Table 1.
The relationship between PA evolution with BMC and
BMD change, after adjustment for changes in body mass
and skeletal age, is presented in Table A1. Both the mean
and the variation of the time spent practicing VPA intensities
showed a small positive correlation with the change in BMD
at the WB (mean 0.214; variation 0.198, both p < 0.05,
Table 1) and the FN BMD (mean 0.245; variation 0.254,
both p < 0.05, Table 1). When looking at the mean of the
overall PA participation, we can only find significant correla-
tions with the FN BMD (0.168, p < 0.05, Table A1). It should
be mentioned that even though these results are statistically
significant, the correlation coefficients are very small, with the
highest R2 being 6.5% (VPA difference–FN BMD).
Figure 1 and Table 2 show the baseline and follow-up
values of BMC and BMD (after adjustment for body mass
and skeletal age) at all sites measured, whereas Table 3
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presents the change in these variables over time. All the
groups showed statistically significant increases over time
for BMC and BMD at all regions measured. All the differ-
ences found at baseline (WB, FN and LS BMC and FNBMD)
disappear at follow-up for the Blow–high^ group. Moreover,
significant differences with the Blow–low^ were found at
follow-up for femoral neck BMC (low–low 4.203, low–high
4.530 g; p < 0.05) and BMD (low–low 0.898, low–high
0.958 g/cm2; p < 0.05). Additionally, when comparing BMC
and BMD changes, it was observed that the Blow–high^ group
shows higher increases for all bone mineral variables except
WB BMC than the Blow–low^ group and also greater growth
than the Bhigh–low^ group for WB BMD and FN BMC and
BMD (Table 3, all p < 0.05). For the change in BMAD, the
only significant differences were found at the whole body
(low–low − 2.73, high–low − 3.46, low–high − 0.55,
p > 0.05).
The cluster analysis and the posterior categorization cre-
ated three clearly defined groups according to bone
growth, as illustrated in Table 4. When comparing the PA
participation of the different bone growth groups, it could
be observed that the only differences between the optimal
and the reduced growth groups were found in the VPA and
its maximum bout duration (Table 4). Regarding the rela-
tive distribution of the bone growth and VPA groups,
shown in Fig. 2, a trend for a heterogeneous distribution
of the groups was found (χ2 10.76, p = 0.096). If the Bmean
growth^ group is excluded from the analysis, statistical
significance is reached (χ2 9.26, p = 0.026), with the
Blow–high^ group showing the highest percentage of sub-
jects with optimal growth (36.3%) and the Blow–low^
(12.5%) and Bhigh–low^ (13.6%) showing the lowest pro-
portion of Boptimal growth^ participants.
Discussion
The main finding of the present study was that engaging in
VPA during puberty stimulates bone growth especially in sub-
jects who were in the low-VPA group at baseline. This implies
that adolescents engaging in VPA during early puberty are still
able to reach BMD values that are similar in comparison with
previously active children. The high responsiveness of the
bone tissue to VPA during puberty was indicated in most sites
by higher bone growth in subjects who increased their partic-
ipation in VPA compared to those subjects who were vigor-
ously active at baseline but were below the median at follow-
up.
The analysis of the correlations between mean PA and bone
mineral acquisition complements previously published data
[33]. The previous analyses focused solely in the changes in
PA participation and consequently did not discriminate those
subjects who remained physically active throughout the study
from those who showed low levels of PA participation during
the same period. The longitudinal associations among overall
and VPAwith BMC and BMD are in accordance with previ-
ous studies [34]. It is important to notice that not only the
mean participation in VPA was related to bone growth but
its variation as well, indicating that both engaging into and
maintaining high levels of VPA participation can positively
affect bone accretion. This is further supported by the results
obtained in the cluster comparison, with the Boptimal growth^
Table 1 Baseline characteristics of the sample
All participants (n = 140) Low–low (n = 48) High–low (n = 22) Low–high (n = 22) High–high (n = 48)
Age and body composition
Skeletal age (years) 11.85 ± 1.07 11.92 ± 0.73 12.00 ± 0.61 12.33 ± 0.72 12.04 ± 0.65
Height (cm) 154.3 ± 7.5 153.1 ± 7.3 155.2 ± 6.0 155.9 ± 9.1 154.5 ± 7.6
Body weight (kg) 47.0 ± 12.5 49.4 ± 14.6 46.4 ± 11.8 49.7 ± 13.6 43.6 ± 9.2
Fat mass (kg) 11.4 ± 8.4 14.4 ± 9.7 9.8 ± 6.7 12.5 ± 9.2 8.5 ± 5.9*
Lean mass (kg) 33.0 ± 5.7 32.3 ± 5.8 34.0 ± 5.3 34.5 ± 7.4 32.7 ± 4.8
Physical activity
Sedentary time (min/day) 545.2 ± 75.6 574.8 ± 89.3 528.1 ± 47.5 559.1 ± 78.4 517.1 ± 57.0*
Light PA (min/day) 234.4 ± 47.0 228.3 ± 51.7 241.9 ± 43.3 224.9 ± 38.8 241.5 ± 47.0
Moderate PA (min/day) 39.4 ± 14.5 32.1 ± 10.8 44.0 ± 13.5* 35.0 ± 11.2 46.5 ± 15.5*⨼
Vigorous PA (min/day) 18.7 ± 13.2 8.3 ± 3.7 23.2 ± 7.4* 10.9 ± 3.8† 30.7 ± 13.2*†⨼
Overall PA (counts/min) 476.2 ± 151.3 367.7 ± 89.5 534.0 ± 125.2* 401.7 ± 86.5† 591.3 ± 139.7*⨼
VPA cutpoint at baseline, 15.5 min/day; VPA cutpoint at follow-up, 17.75 min/day
*Significant differences compared to low–low group (p < 0.05)
† Significant differences compared to high–low group (p < 0.05)
⨼ Significant differences compared to low–high group (p < 0.05)
Values are expressed as mean ± standard deviation
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group having the highest levels of VPA participation. The rest
of the activity intensities did not correlate with bone growth,
which is in accordance with previous studies, especially in
boys [35–37]. However, as it has been mentioned, it should
be taken into account that the correlation coefficients found
are very small and the highest variance explained was only
Fig. 1 Baseline and follow-up bone mineral parameters according to vigorous physical activity groups. VPA cutpoint at baseline, 15.5 min/day; VPA
cutpoint at follow-up, 17.75 min/day. *Significant differences between groups (p < 0.05)
Table 2 Bone mineral parameters (after adjustment for skeletal age and body weight) according to different vigorous activity evolution patterns
Baseline Follow-up
Bone mineral parameters Low (n = 70) High (n = 70) Low–low (n = 48) High–low (n = 22) Low–high (n = 22) High–high (n = 48)
WB BMC (g) 1660 ± 20 1738 ± 20 1879 ± 32 2023 ± 46* 1974 ± 47 2028 ± 32*
WB BMD (g/cm2) 0.971 ± 0.006 0.984 ± 0.006 0.999 ± 0.008 1.014 ± 0.012 1.020 ± 0.012 1.023 ± 0.008*
WB BMAD (g/cm3) 0.089 ± 0.001 0.088 ± 0.001 0.086 ± 0.001 0.085 ± 0.001 0.087 ± 0.001 0.086 ± 0.001
FN BMC (g) 3.89 ± 0.06 4.22 ± 0.06 4.203 ± 0.081 4.533 ± 0.118* 4.530 ± 0.119* 4.745 ± 0.081*
FN BMD (g/cm2) 0.875 ± 0.010 0.919 ± 0.010 0.898 ± 0.013 0.933 ± 0.019 0.958 ± 0.019* 0.983 ± 0.013*†
FN BMAD (g/cm3) 0.197 ± 0.003 0.202 ± 0.003 0.194 ± 0.003 0.196 ± 0.005 0.204 ± 0.005 0.206 ± 0.003*
LS BMC (g) 26.05 ± 0.55 27.67 ± 0.55 29.49 ± 0.82 32.12 ± 1.20 33.25 ± 1.20* 33.25 ± 0.82*
LS BMD (g/cm2) 0.820 ± 0.009 0.831 ± 0.009 0.863 ± 0.013 0.891 ± 0.019 0.900 ± 0.019 0.894 ± 0.094
LS BMAD (g/cm3) 0.147 ± 0.002 0.144 ± 0.002 0.149 ± 0.002 0.150 ± 0.003 0.149 ± 0.003 0.148 ± 0.002
VPA cutpoint at baseline, 15.5 min/day; VPA cutpoint at follow-up, 17.75 min/day
Bold characters indicate significant differences between groups at baseline
*Significant differences compared to low–low group (p < 0.05)
† Significant differences compared to high–low group (p < 0.05)
WB whole body, FN femoral neck, LS lumbar spine, BMC bone mineral content, BMD bone mineral density, BMAD bone mineral apparent density
Values are expressed as mean ± standard error
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6.5%, between VPA difference and FN BMD. It should be
taken into account that the current 1-year study period might
have been too short for detecting the influence of lower inten-
sity activities to bone mineral parameters. The results found
are in accordance with the mechanostat theorem [38], which
states that the mechanical load exerted on bone during PA can
stimulate bone remodeling, affecting bone mineral content
and structure.
The FN is the skeletal site that showed the highest associ-
ation with PA parameters, which could be due to the highest
responsiveness of cortical bone to physical stimulus [39, 40].
Despite being unable to test this in our sample, given that the
method used does not allow for cortical and trabecular bone
discrimination, the responsiveness of FN bone to continued
PA is relevant, since a high proportion of osteoporotical frac-
tures occur in this region [1].
The evolution of the overall PA and the moderate to vigor-
ous PA trajectories have already been related to bonemass and
structure [22]. The division of the sample into different PA
patterns was done following the method used by Janz et al.
[22] with the difference that it was applied using VPA instead
of overall activity. At baseline, those subjects who were above
and below the median value of VPA differed in their BMC at
all sites and the FN BMD. At follow-up, however, all these
differences disappeared for the subjects who started participat-
ing in VPA (Blow–high^ group). This finding further indicates
the importance of intense PA for bone accrual and the
resulting peak bone mass. Incorporating vigorous PA to daily
routine might help optimizing bone accrual to previously in-
active subjects. Particularly, at the FN, statistically significant
differences emerged from the Blow–high^ group and the
Blow–low^ group. The Blow–high^ group showed greater
growth in bone mass and density than both groups who were
below the median VPA at follow-up. In contrast, subjects who
stopped practicing VPA (Bhigh–low^ group) reported lower
BMD values at the FN compared to the Bhigh–high^ group.
Nonetheless, the differences with the Blow–low^ group
remained significant for the WB and FN BMC. This benefits,
however seem to be limited to areal BMD, greater increases of
BMAD were only found for the Blow–high^ group at the
whole body. This may be caused by an increase in bone size
along the increase in areal BMD.
When analyzing growth profiles, three clearly defined
groups emerged. The main difference between the Boptimal^
and the Breduced^ growth groups was observed in the VPA
and its maximum bout duration. As it has been shown, the
Blow–high^ group had the greatest percentage of participants
who experienced an improved gain of BMC and BMD at all
measured sites.
These results point to an enhancing effect of VPA on bone
development during puberty. As it has been shown, bone for-
mation is stimulated by the physical stress produced by VPA
practice [41] and early puberty is a stage in which bone isTa
bl
e
3
B
on
e
gr
ow
th
pa
ra
m
et
er
s
ac
co
rd
in
g
to
di
ff
er
en
tv
ig
or
ou
s
ac
tiv
ity
ev
ol
ut
io
n
pa
tte
rn
s
L
ow
–l
ow
(n
=
48
)
H
ig
h–
lo
w
(n
=
22
)
L
ow
–h
ig
h
(n
=
22
)
H
ig
h–
hi
gh
(n
=
48
)
G
ro
up
by
tim
e
in
te
ra
ct
io
n
Δ
W
B
B
M
C
(g
)
24
5
±
16
(1
4.
9
±
0.
8%
)
27
2
±
24
(1
5.
7
±
1.
2%
)
27
8
±
24
(1
5.
6
±
1.
2%
)
28
8
±
16
(1
6.
5
±
0.
8%
)
0.
02
7
Δ
W
B
B
M
D
(g
/c
m
2
)
0.
03
0
±
0.
00
3
(3
.2
±
0.
3%
)
0.
02
8
±
0.
00
5
(2
.8
±
0.
5%
)
0.
04
4
±
0.
00
5*
†
(4
.3
±
0.
5%
)
0.
03
9
±
0.
00
3
(3
.9
±
0.
3%
)
0.
05
9
⨼
Δ
W
B
B
M
A
D
(m
g/
cm
3
)
−
2.
73
±
0.
54
(−
2.
9
±
0.
6%
)
−
3.
46
±
0.
80
(−
3.
7
±
0.
8%
)
−
0.
55
±
0.
80
*†
(−
0.
9
±
0.
8%
)
−
2.
18
±
0.
54
(−
2.
4
±
0.
5%
)
0.
05
3
Δ
FN
B
M
C
(g
)
0.
36
1
±
0.
04
4
(9
.4
±
1.
0%
)
0.
37
0
±
0.
06
5
(9
.1
±
1.
5%
)
0.
56
2
±
0.
06
5*
†
(1
3.
7
±
1.
6%
)
0.
48
1
±
0.
04
4
(1
1.
6
±
1.
0%
)
0.
06
1
⨼
Δ
FN
B
M
D
(g
/c
m
2
)
0.
03
4
±
0.
00
7
(4
.1
±
0.
7%
)
0.
03
0
±
0.
01
0
(3
.4
±
1.
1%
)
0.
06
6
±
0.
01
0*
†
(7
.3
±
1.
1%
)
0.
05
3
±
0.
00
6*
†
(5
.6
±
0.
7%
)
0.
08
0
⨼
Δ
F
N
B
M
A
D
(m
g/
cm
3
)
0.
50
±
1.
93
(0
.5
±
1.
0%
)
−
3.
00
±
2.
85
(−
1.
4
±
1.
5%
)
2.
95
±
2.
86
(1
.4
±
1.
5%
)
1.
17
±
1.
92
(0
.7
±
1.
0%
)
0.
01
7
Δ
L
S
B
M
C
(g
)
4.
23
±
0.
44
(1
6.
6
±
1.
5%
)
4.
56
±
0.
65
(1
6.
9
±
2.
2%
)
6.
12
±
0.
65
*
(2
1.
1
±
2.
1%
)
5.
22
±
0.
44
(1
8.
2
±
1.
4%
)
0.
04
7
Δ
L
S
B
M
D
(g
/c
m
2
)
0.
04
9
±
0.
00
7
(6
.0
±
0.
8%
)
0.
05
6
±
0.
01
0
(6
.7
±
1.
2%
)
0.
07
4
±
0.
01
0*
(8
.7
±
1.
2%
)
0.
06
2
±
0.
00
7
(7
.4
±
0.
8%
)
0.
03
5
Δ
L
S
B
M
A
D
(m
g/
cm
3
)
1.
52
±
1.
14
(1
.1
±
0.
9%
)
3.
04
±
1.
67
(2
.1
±
1.
3%
)
4.
46
±
1.
68
(3
.1
±
1.
3%
)
4.
06
±
1.
13
(3
.2
±
0.
9%
)
0.
02
4
V
PA
cu
tp
oi
nt
at
ba
se
lin
e,
15
.5
m
in
/d
ay
;V
PA
cu
tp
oi
nt
at
fo
llo
w
-u
p,
17
.7
5
m
in
/d
ay
*S
ig
ni
fi
ca
nt
di
ff
er
en
ce
s
co
m
pa
re
d
to
lo
w
–l
ow
gr
ou
p
(p
<
0.
05
)
†
Si
gn
if
ic
an
td
if
fe
re
nc
es
co
m
pa
re
d
to
hi
gh
–l
ow
gr
ou
p
(p
<
0.
05
)
⨼
Si
gn
if
ic
an
tg
ro
up
by
tim
e
in
te
ra
ct
io
n
(p
<
0.
05
)
W
B
w
ho
le
bo
dy
,F
N
fe
m
or
al
ne
ck
,L
S
lu
m
ba
r
sp
in
e,
B
M
C
bo
ne
m
in
er
al
co
nt
en
t,
B
M
D
bo
ne
m
in
er
al
de
ns
ity
,B
M
A
D
bo
ne
m
in
er
al
ap
pa
re
nt
de
ns
ity
V
al
ue
s
ar
e
ex
pr
es
se
d
as
m
ea
n
±
st
an
da
rd
er
ro
r
Osteoporos Int
particularly responsive to this stimulus [14, 42]. It seems that
osteocytes play a crucial role in the physiological response of
bone, stimulating osteoblastic activity in the presence of me-
chanical loads while increasing bone resorption in the absence
of mechanical strain [43]. According to our results, participa-
tion in unstructured VPA seems to provide a mechanical load
that is sufficient to elicit an osteogenic response following the
mechanostat theorem [38].
This increase in BMC and BMD has been observed in our
sample with participants who engaged in VPA during the
follow-up independently of their previous activity. However,
it should be pointed out that initial VPA led to a higher bone
mineral status and these benefits were maintained after activ-
ity cessation, as it has been suggested by previous research
[14, 19].
The 1-year follow-up design as well as the approach used
in the analysis of the evolution of PA participation are among
the main strengths of this study, alongside with the employ-
ment of objective measures for the PA evaluation and gold
standard reference methods for the bone mineral assessment.
The lack of a PA intervention and a control group with no
exercise does not allow to infer causal relationships and is
one of the main limitations that should be taken into account.
Also, bone structure was not evaluated due to the
bidimensional nature of the bone assessment method. It
should also be acknowledged that no nutritional status evalu-
ation was performed and therefore, the possible effects of diet
on bone parameters were not controlled in the present study.
The analysis of longitudinal changes in bone structure or spe-
cific adaptations in cortical or trabecular bone related to PA
could be the scope for future research.
As a conclusion, both engaging and maintaining high
levels of VPA participation during puberty are associated with
greater gains in bone mass and density, especially at the fem-
oral neck, where the increase in BMD for the Blow–high^
group almost doubled the increase found in both Bhigh–low^
and Blow–low^ groups. An interesting conclusion that can be
Table 4 Physical activity
participation (mean of baseline
and follow-up) and bone mineral
parameters (difference of follow-
up and baseline) according to
different bone development
patterns
Optimal growth
(n = 29)
Mean growth
(n = 58)
Reduced growth
(n = 53)
Physical activity
Sedentary time (min/day) 568.0 ± 61.8 547.8 ± 69.4 563.4 ± 68.1
Light PA (min/day) 210.6 ± 38.8 227.1 ± 38.1 218.1 ± 39.7
Moderate PA (min/day) 36.1 ± 12.9 37.8 ± 12.2 37.8 ± 13.0
Vigorous PA (min/day) 23.2 ± 14.5 21.3 ± 14.2 17.1 ± 9.1*
Overall PA (counts/min) 468.7 ± 159.1 483.3 ± 151.4 445.2 ± 111.6
Time in vigorous PA bouts
(min/day)
4.72 ± 4.64 3.70 ± 4.49 2.88 ± 5.32
Maximum bout duration (min) 10.38 ± 6.18 8.09 ± 4.59 6.98 ± 5.49*
Difference in bone mineral parametersa
WB BMC (g) 441 ± 78 260 ± 75* 184 ± 61*†
WB BMD (g/cm2) 0.065 ± 0.010 0.037 ± 0.009* 0.017 ± 0.008*†
FN BMC (g) 0.897 ± 0.153 0.429 ± 0.160* 0.189 ± 0.125*†
FN BMD (g/cm2) 0.106 ± 0.016 0.048 ± 0.017* 0.008 ± 0.013*†
LS BMC (g) 9.82 ± 1.39 4.75 ± 1.52* 2.43 ± 1.20*†
LS BMD (g/cm2) 0.124 ± 0.015 0.060 ± 0.016* 0.020 ± 0.013*†
Values are expressed as mean ± standard deviation
a Adjusted for difference in skeletal age and body weight
*Significant differences compared to optimal growth group (p < 0.05)
† Significant differences compared to mean growth group (p < 0.05)
PA physical activity,WBwhole body, FN femoral neck, LS lumbar spine, BMC bone mineral content, BMD bone
mineral density
VPA cutpoint at baseline: 15.5 min/day; VPA cutpoint at follow up: 17.75 min/day
Fig. 2 Relative distribution of growth profiles across vigorous physical
activity groups. VPA cutpoint at baseline, 15.5 min/day; VPA cutpoint at
follow-up, 17.75 min/day
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drawn from our results is that engaging in VPA during early
puberty can result in increased bone growth, regardless of
previous activity levels. Additionally, these benefits could be
preserved even after activity cessation.
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